1 2 6 7 a r t I C l e S A series of in vivo studies in a variety of organisms have found that the evolutionarily conserved PHR proteins, including Hiw (fly), Phr1 (mouse), RPM-1 (worm) and Esrom (zebrafish), regulate the development and repair of the nervous system 1 . In Drosophila, hiw mutants exhibit a marked synaptic terminal overgrowth at the larval neuromuscular junctions (NMJs) with an increased number of boutons and a decreased bouton size 2,3 , and a similar anatomical overgrowth of the giant fiber-tergotrochanteral motoneuron synapse in the CNS 4 . Aberrant synaptic morphology has also been identified in rpm-1 mutant worms 5, 6 and Phr1 mutant mice 7, 8 . In addition, disrupting the function of hiw orthologs in worm, zebrafish and mouse results in prominent axon guidance defects 5,7,9-11 . More recently, hiw, rpm-1 and their downstream target wallenda (fly) or dlk-1 (worm) have been shown to regulate axonal regeneration after nerve injury [12] [13] [14] . Thus, PHR proteins are important in a broad range of neuronal processes, including axon guidance, synaptic development and axonal regeneration. However, it is unclear how these diverse functions of PHR proteins are achieved. An important step toward answering this question is to understand the molecular mechanisms that regulate PHR proteins.
a r t I C l e S A series of in vivo studies in a variety of organisms have found that the evolutionarily conserved PHR proteins, including Hiw (fly), Phr1 (mouse), RPM-1 (worm) and Esrom (zebrafish), regulate the development and repair of the nervous system 1 . In Drosophila, hiw mutants exhibit a marked synaptic terminal overgrowth at the larval neuromuscular junctions (NMJs) with an increased number of boutons and a decreased bouton size 2,3 , and a similar anatomical overgrowth of the giant fiber-tergotrochanteral motoneuron synapse in the CNS 4 . Aberrant synaptic morphology has also been identified in rpm-1 mutant worms 5, 6 and Phr1 mutant mice 7, 8 . In addition, disrupting the function of hiw orthologs in worm, zebrafish and mouse results in prominent axon guidance defects 5, 7, [9] [10] [11] . More recently, hiw, rpm-1 and their downstream target wallenda (fly) or dlk-1 (worm) have been shown to regulate axonal regeneration after nerve injury [12] [13] [14] . Thus, PHR proteins are important in a broad range of neuronal processes, including axon guidance, synaptic development and axonal regeneration. However, it is unclear how these diverse functions of PHR proteins are achieved. An important step toward answering this question is to understand the molecular mechanisms that regulate PHR proteins.
Hiw and its orthologs are enormous proteins that share a number of highly conserved functional domains, including an RCC1 domain [15] [16] [17] , two PHR repeats 18 , a Myc-binding domain 16 and a C-terminal RING-H2 finger E3 ubiquitin ligase domain 9, 19 . Studies in worms, flies and mice have found that the PHR E3 ubiquitin ligases associate with a highly conserved F-box protein-FSN-1 in worm, Fsn in fly or Fbox45 in mouse-and together they function as a SCF-like E3 ubiquitin ligase complex to regulate neural development [20] [21] [22] . An important downstream target of the ubiquitin ligase complex is the MAP kinase kinase kinase (MAPKKK) Wallenda (Wnd), which activates a MAP kinase cascade to control synaptogenesis 23, 24 . Although considerable progress has been made in understanding the PHR-associated ligase complex and its downstream signaling cascade, very little is known about how PHR proteins are regulated. Autophagy can negatively regulate the abundance of Hiw protein 25 in fly, but it is unclear how autophagy, a general protein-degradation pathway, can be controlled to modulate Hiw protein levels during synaptic development. Identifying Hiw cofactors that regulate Hiw activity and abundance is necessary to determine the mechanisms by which hiw functions are controlled.
We identified one such Hiw cofactor, Drosophila melanogaster Rae1. Rae1 encodes a 346 amino-acid protein that belongs to an evolutionary conserved WD40 repeat protein family. Three major functions of Rae1 have been reported in different organisms. First, Rae1 associates with microtubules in the cytoplasm and regulates the organization of the cytoskeletal network during mitosis 26 . Second, Rae1 binds to Nup98 to facilitate the transportation of poly-A RNA from the nucleus to the cytosol 27 . Third, Rae1 is an anaphase-promoting complex (APC)-associated protein that inhibits the targeting of Securin by the APC ubiquitin ligase complex, thereby regulating entry into anaphase during mitosis 28 . In cultured Drosophila SL2 cells, knockdown of Rae1 by RNA interference induces arrest in G1 phase, but results in no mRNA transport defects, suggesting that Rae1 is involved in cell cycle regulation, but not in mRNA export, in these cells 29 . Although Rae1 binds microtubules in cultured mammalian neurons 30 , the function of Rae1 in the nervous system has not yet been studied. We found that Rae1 is a binding partner and positive regulator of Hiw. Rae1 and Hiw physically and genetically interacted and worked together to restrain synaptic terminal growth. These results indicate that the function of Rae1 in the Hiw E3 ubiquitin ligase complex is to prevent the autophagy-mediated degradation of Hiw protein in post-mitotic neurons. Our findings, and those of others (B. Grill, L. Chen, E.D. Tulgren, S.T. Baker, W. Bienvenut et al., personal communication), suggest an evolutionarily conserved role for Rae1 in the regulation of neural development.
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RESULTS

Drosophila Rae1 associates with Hiw
To identify Hiw cofactors, we used a two-step purification method called tandem affinity purification (TAP) to isolate Hiw-interacting proteins from the Drosophila adult head 31 , and then used liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify the proteins contained in the Hiw-associated complex (see Online Methods). We previously identified Drosophila Fsn as a Hiwinteracting protein and found that Hiw participates in a SCF-like E3 ubiquitin ligase complex 20, 21 . Here we identified another Hiwbinding partner, Drosophila Rae1. Rae1 was first identified from the ~40-kDa protein band migrating on the SDS-PAGE gel (Fig. 1a) on the basis of the recovery of four unique peptides (MFGATQSTNR, EPNPMMTINLPER, GLIIYSLQNSPTEYK and VAIQYVNPGNPK). In addition, using a shotgun proteomic approach that is capable of identifying all of the trypsin-digested peptides from the Hiwassociated protein complex (see Online Methods), we found numerous peptides from Rae1 (Supplementary Table 1) , which further validated the presence of Rae1 in the protein complexes that were pulled down by N-terminal TAP-tagged Hiw. As an independent test of the association between Rae1 and Hiw, we performed a reverse TAP using neuronally expressed transgenic TAP-tagged Rae1 as the bait to isolate Rae1-interacting proteins in the brain. We then resolved Rae1 and its associating proteins by electrophoresis on a SDS-PAGE gel (Fig. 1b) and used shotgun proteomics analysis to identify the associated proteins. As expected, Hiw was identified with very high confidence (Supplementary Table 2) , along with Fsn, which further confirmed the association of Rae1 with the Hiw/Fsn E3 ubiquitin ligase complex.
We then tested the interaction between endogenous Hiw and Rae1 proteins in 3 rd instar larval brains. We immunoprecipitated endogenous Hiw using an antibody to Hiw (Hiw2b) 19 and found that Rae1 co-immunoprecipitated with Hiw, but was absent in control immunoprecipitation from hiw-null larval brains (Fig. 1c) . Furthermore, the Hiw-Rae1 interaction remained unaffected in Fsn mutant brains, indicating that Fsn is not required for the binding of Rae1 to Hiw. Although Fsn was not required for the Hiw-Rae1 interaction, Rae1 was detected in Fsn-immunoprecipitated complexes ( Supplementary Fig. 1) , further supporting the existence of a Rae1/ Hiw/Fsn protein complex in vivo. Taken together, our data suggest that Rae1 associates with the Hiw complex in post-mitotic neurons.
Rae1 is required to restrain synaptic terminal growth
The strong association of Rae1 and Hiw in neurons led us to postulate that Rae1 may work with Hiw during synaptic development as either a positive or negative regulator of the Hiw/Fsn ligase complex. To assess the function of Rae1 in synaptic development, we carried out a Rae1 loss-of-function study. We first generated Rae1 imprecise excision alleles by mobilizing a transposable P-element (P{GawB}NP3499) located ~400 bp upstream of the first exon of the Rae1 locus. After screening over 800 excision events, we recovered two independent Rae1 imprecise excision mutants that survived to the second instar larval stage, Rae1 EX28 and Rae1 EXB12 . The mutant larvae started wandering out of food with a body size close to second instar. They then continued to wander for several days without a further increase in their body size and eventually died without pupating. PCR of the genomic DNA extracted from Rae1 EX28 and Rae1 EXB12 mutants revealed that deletions of the Rae1 locus in both mutants encompassed almost the entire Rae1 promoter region and a small region of the 3′ untranslated region (UTR) of the neighboring gene pirk (Fig. 2a) . Western blot analysis showed that Rae1 protein levels were reduced to less than 10% of the wild-type level in Rae1 EX28 , Rae1 EX28 /Df(2R)5764 and Rae1 EXB12 /Df(2R)5764 mutants (Fig. 2b,c) . Given that Rae1 EX28 mutants had a very similar level of residual Rae1 protein to Rae1 EX28 /Df(2R)5764 mutants and carried a smaller lesion on the neighboring gene pirk, we focused our analysis on the Rae1 EX28 mutants.
Morphological analysis of the NMJs from Rae1 EX28 and Rae1 EX28 / Df(2R)5764 larvae revealed a morphological defect that was similar to that seen in the hiw mutant NMJ: synaptic terminal overgrowth and decreased bouton size (Fig. 3a) . We quantified this phenotype at the NMJ of muscle 6/7 on segment A3, although all phenotypes were qualitatively similar at all of the other type I NMJs. The average muscle sizes of all of the quantified NMJs were similar (muscle 6 on segment A3 (×1,000 µm 2 ): wild type, 27.1 ± 1.9; Rae1 EX28 /Df(2R)5764, 23.4 ± 1.4; Rae1 EX28 , 26.9 ± 0.9; Rae1 EX28 neuronal rescue, 25.6 ± 1.2, Rae1 EX28 and wnd suppression, 23.2 ± 0.8; hiw ∆N , 27.3 ± 2.0). However, the number of boutons was increased by almost twofold (120 ± 5 versus 67 ± 5 in wild type) and bouton size was decreased by ~50% (4.4 ± 0.4 µm 2 versus 7.9 ± 0.5 µm 2 in wild type) in homozygous Rae1 EX28 mutants compared with wild-type larvae with similar body size (Fig. 3) . The Rae1 EX28 /Df(2R)5764 mutant's phenotype was very similar to that of the homozygous Rae1 EX28 mutant, suggesting that Rae1 EX28 is a strong loss-of-function allele. These findings suggest that Rae1 acts to restrain synaptic growth at the NMJ.
On the basis of the Rae1 mutant phenotype and the association between Rae1 and Hiw, we predicted that Rae1 functions in the presynaptic motoneuron to restrain the synaptic growth at NMJs, as both Hiw and Fsn regulate synaptic development on the presynaptic side 19, 21 . To test this idea, we expressed the UAS-TAP-Rae1 transgene under the control of elav-Gal4, a pan-neuronal Gal4 driver, in the Rae1 mutant flies. We found that both the increased bouton number and the reduced bouton size were restored to almost wild-type levels by neural expression of Rae1 in these larvae (Fig. 3) . These data indicate that the synaptic phenotype caused by Rae1 EX28 mutation is a result of the loss of Rae1, but not pirk, and that Rae1 is required in the presynaptic motoneurons to control the growth of synapse. a r t I C l e S Rae1 genetically interacts with hiw Our biochemical data and Rae1 loss-of-function analysis strongly suggest that Rae1 and Hiw function in the same complex to restrain synaptic overgrowth. To further test this hypothesis, we analyzed genetic interactions between Rae1 and hiw. We reasoned that if Rae1 and Hiw function together in a complex, then partial loss-of-function of Rae1 should enhance the intermediate synaptic terminal overgrowth caused by the hiw hypomorphic mutant, hiw ND512, 3 . A partial lossof-function of Rae1, Rae1 heterozygosity (Rae1 EX28 /+), resulted in a ~50% reduction of Rae1 protein (Fig. 2) and a significant increase in the number of boutons on synapses on muscle 6/7 (P < 0.001; Supplementary Fig. 2 ), but did not change the number of boutons on muscle 4 (Fig. 4) . However, when we combined hiw ND51 with Rae1 heterozygosity, we observed a marked enhancement of NMJ overgrowth on muscle 4 (Fig. 4) . The dominant enhancement of a weak hiw allele by the heterozygous Rae1 mutant is consistent with the hypothesis that the two genes directly interact in the same genetic pathway. Consistent with this model, we found that a null allele of hiw, hiw ∆N , was not further enhanced by Rae1 heterozygosity (Fig. 4) . Together, our data provide strong genetic evidence that Rae1 and hiw collaborate to restrain synaptic terminal growth.
The Hiw/Fsn E3 ligase complex regulates synaptic terminal growth by downregulating Wnd 23 . Loss of wnd function suppressed the morphological defects in either hiw or Fsn mutant NMJs. Given that we found that Rae1 interacts with Hiw to restrain synaptic growth, one would expect that Rae1 should also work through Wnd in this process. To test this hypothesis, we assessed the ability of wnd to suppress the morphological defects caused by Rae1 EX28 . We found that wnd suppressed both the increased bouton number (84.1 ± 3.9 in wnd suppression versus 119.8 ± 5.2 in Rae1 EX28 ) and decreased bouton size (7.2 ± 0.3 µm 2 in wnd suppression versus 4.3 ± 0.3 µm 2 in Rae1 EX28 ) seen in the Rae1 mutant at the NMJ (Fig. 3) . Collectively, our data indicate that Rae1 is required in motoneurons and works together with hiw, upstream of wnd, to restrain synaptic growth at the Drosophila NMJ.
A structure and function analysis of Hiw functional domains Hiw and its homologs are huge proteins with multiple conserved domains. The identification of Hiw binding partners, such as Medea 32 , Fsn 21 and Rae1, and their functional relevance to Hiw activity suggest that different Hiw functional domains may interact with different cofactors and together modulate Hiw's action. To study the functional requirement of these conserved domains and to develop tools for dissecting domain-specific interactions, we performed a systematic structure and function analysis on Hiw. We previously found that a full-length hiw transgene rescues the hiw mutant phenotype when expressed in neurons and that a similar transgene with point mutations in its RING-finger domain fails to do so, indicating that the E3 ligase domain is essential for Hiw function 19 . We then generated additional truncated hiw transgenes lacking the RCC1 domain, the PHR repeats, the C-terminal half of the Hiw protein or the N-terminal half of the Hiw protein. In addition, we generated a transgene encoding the 1,000 amino-acid fragment of the Hiw C terminus containing the E3 ubiquitin ligase domain (Fig. 5a) . We next confirmed the effective expression levels of all of the hiw mutant transgenes in larval brains by western blot, and found that all of the Hiw deletion mutants were expressed with expected molecular weights at levels close to or higher than the wild type hiw transgene (Fig. 5b) . When expressed in neurons in hiw mutants, only the full-length hiw transgene completely rescued the hiw phenotype 19 ; none of the truncated hiw transgenes were able to rescue the synaptic terminal overgrowth phenotype ( Fig. 5a and Supplementary Fig. 3 Figs. 3 and 4) . The inability of the hiw mutant transgenes to restore Wnd protein level and to rescue the hiw morphological phenotype is unlikely to be a result of insufficient or excessive expression levels of these transgenes because most of the presented mutant hiw transgenes were expressed at higher levels than the wild-type hiw transgene and because we analyzed multiple insertion lines of each transgene that had similar expression levels as the wild-type hiw transgene and found that none of them rescued the hiw overgrowth phenotype (data not shown). Thus, the results of our structure and function analysis on Hiw suggest that an intact Hiw protein with all of the functional domains is required for the proper control of Wnd protein expression and presynaptic arborization at the fly NMJ. The inability of all the truncated Hiw proteins to rescue the hiw morphology may be a result of disruptions of the normal Hiw function or a gross alteration in protein folding, stability and/or localization. Although none of the mutant transgenes rescued the hiw morphology, some did act in a dominant-negative manner. When we used a strong neuronal Gal4 driver, GS-elav-Gal4, to express each of the hiw transgenes in a hiw heterozygous background (hiw ND8 /+, no overgrowth (Fig. 5c,d) .
The dominant-negative effects likely arise in relation to hiw, as, when expressed in a wild-type background using the same driver, each of the four hiw transgenes resulted in a milder overgrowth phenotype than that observed in the hiw heterozygous background (data not shown). These data indicate that the four truncated Hiw proteins can act as dominant-negative mutants, likely by sequestering important Hiw cofactors. Collectively, our data suggest that all of the Hiw functional domains are necessary for the ability of Hiw to restrain synaptic terminal growth. The fact that each individual domain is necessary for Hiw action suggests that these domains coordinate with each other, potentially by binding to different factors, and work together to modulate the activity of a Hiw complex.
Rae1 interacts with a Hiw C-terminal domain
Except for Hiw-HindIII, the Hiw transgenes were tagged with TAP at their amino-terminus (Fig. 5a) , allowing us to map the domain(s) of Hiw that mediate its interaction with Rae1. To do this, we first expressed Hiw deletion transgenes in neurons and performed the first step of TAP pull-down experiments with 3 rd instar larval brain lysates. We used immunoblotting to determine whether Rae1 co-precipitates with different Hiw truncated proteins. All of the transgenic proteins, except for Hiw N-terminal half (Hiw-NT) and Hiw very C terminus (Hiw-CT1000), strongly associated with Rae1, whereas Hiw-NT completely and Hiw-CT1000 nearly completely lost their ability to pull-down Rae1 (Fig. 6a,b and Supplementary Figs. 1 and 5) . These results suggest that the domain required for the Hiw-Rae1 interaction resides primarily in the C-terminal portion of Hiw outside of the Hiw-CT1000 region (amino acids 2,885 to 4,082). Our data are consistent with a detailed structure and function analysis (B. Grill, L. Chen, E.D. Tulgren, S.T. Baker, W. Bienvenut et al., personal communication), which mapped the Rae1-binding motif on Hiw to the corresponding protein fragment, amino acids 2,932-2,959. Notably, neuronal expression of Hiw-CT, which contains the Rae1-binding domain, had prominent dominant-negative effects on synaptic terminal growth at the NMJs (Fig. 5c,d) . On the basis of the results of our domain-mapping study, we postulated that the dominant-negative effect of Hiw-CT is partly caused by its ability to sequester Rae1 and consequently prevent the formation of functional Hiw-Rae1 complexes. We further predicted that increasing Rae1 expression would suppress the dominant-negative effects of Hiw-CT. To test this hypothesis, we coexpressed Hiw-CT and Rae1 or a control GAP-GFP protein, a fusion of the myristoylation sequence from GAP43 to GFP that targets GFP to the cell membrane, in neurons. We found that the synaptic overgrowth phenotypes caused by Hiw-CT expression were completely suppressed by coexpression of Rae1, but not by GAP-GFP (Fig. 6c,d) . These data confirm that Rae1 is a cofactor that is required for the function of the Hiw complex, which is diluted out by this dominant-negative Hiw fragment. This notion is also supported by the fact that all of the mutant hiw transgenes that contain the Rae1-binding region exhibited various levels of dominant-negative effect when overexpressed in the wild-type background (Fig. 5a ).
Rae1 promotes Hiw protein abundance
To understand how Rae1 positively regulates Hiw function at the molecular level, we first tested whether neuronal expression of Hiw can rescue the Rae1 morphological phenotype and vice versa. We found that neither GFP-Hiw nor N-terminal TAP-tagged Rae1 can rescue the mutant phenotype of the other (Fig. 7a) , suggesting that they are required for each other and the Hiw-Rae1 interaction is essential for a functional E3 ubiquitin ligase complex. To exclude the possibility that this inability to rescue is caused by insufficient expression levels of either genes, we examined the expression levels of both transgenes in wild-type and mutant larval CNS. Although we detected no substantial difference in the expression levels of elav-Gal4-driven Rae1 in hiw mutant and wild-type larval CNS (data not shown), elavGal4-driven GFP-Hiw expression in Rae1 homozygous mutant brains was markedly diminished compared with the broad neuronal cell body expression of GFP-Hiw in Rae1 heterozygous mutant brains (Supplementary Fig. 6 ). To confirm that transgenic GFP-Hiw protein is downregulated in Rae1 mutant brains, we analyzed the expression level of BG380-Gal4-driven GFP-Hiw protein in Rae1 EX28 and wildtype larval brains by immunocytochemistry. Again, we observed a marked reduction of GFP-Hiw expression in Rae1 EX28 brains compared with wild-type brains (Fig. 7b) . These data suggest that Rae1 may function to regulate the abundance and stability of Hiw. 
a r t I C l e S
To test this hypothesis, we examined whether the endogenous Hiw protein is also reduced in Rae1 mutants. We assayed Hiw protein levels in the brains of wild-type, hiw ∆N , Rae1 EX28 and Rae1 EX28 larvae with neuronal rescue by a Rae1 transgene. We extracted total proteins from dissected larval brains using a lysis buffer that contains urea, SDS, and a comprehensive panel of protease and proteosome inhibitors to ensure the maximal preservation of total neuronal proteins in the lysates. Hiw immunoblot of these brain lysates revealed that endogenous Hiw protein in Rae1 mutant brain lysate was markedly reduced compared with that in wild-type brains (Fig. 7c) . The reduction of Hiw protein level seemed to depend on the dose of Rae1, as the Rae1 heterozygous mutants also showed a mild decrease in Hiw expression (Supplementary Fig. 7) . The neuronal expression of the NT-Rae1 transgene completely restored Hiw protein level (Fig. 7c) , consistent with its ability to rescue the synaptic terminal overgrowth phenotype at the Rae1 mutant NMJs (Fig. 3) . In contrast with the markedly reduced protein level of Hiw that we observed in Rae1 mutant brain lysate, Rae1 protein level was not altered in hiw mutants (Figs. 1c and  7c,d and Supplementary Fig. 7 ), indicating that Rae1 is not a Hiw ubiquitination target. We next tested whether neuronal overexpression of transgenic Rae1 protein is sufficient to elevate endogenous Hiw protein level in wild-type background. We consistently detected a ~70% increase in the level of endogenous Hiw protein when we expressed transgenic NTAP-Rae1 protein in wild-type brains at about the same level as endogenous Rae1 (driven by a pan-neuronal driver C155-Gal4; Fig. 7d,e) . These data indicate that Rae1 is both necessary and sufficient to promote Hiw protein abundance.
Given the established role of Rae1 in regulating mRNA export in yeast 27 , the observed effect of Rae1 on Hiw protein levels could be a result of a general defect in mRNA export when Rae1 is mutated.
If this were true, we would predict a gross change in protein levels for a broad range of molecules. However, none of the neuronal proteins that we tested, Futsch, CamKII, β-tubulin, Syntaxin and the neural form of β-catenin, showed decreased protein levels in Rae1 mutant or increased protein levels in Rae1-expression brain lysate (Fig. 7c,d and Supplementary Fig. 7) . Hence, both the reduction of protein level in the Rae1 mutant brains and the increase of protein level in Rae1-expression brains are selective to Hiw. Rae1's regulation of Hiw protein abundance is therefore unlikely mediated by general defects in mRNA transportation. This observation is also consistent with the previous finding that knockdown of Rae1 activity by RNA interference in cultured Drosophila cells does not lead to mRNA transport defects 29 .
The direct association of Rae1 to Hiw complex strongly suggests that Rae1 regulates the abundance of Hiw at the post-translational level. However, given the broad functions of Rae1 homologs in other systems, Rae1 could also regulate hiw transcription or hiw mRNA stability. To test these possibilities, we examined hiw mRNA levels in wild-type and Rae1 mutant brains using quantitative reversetranscription PCR (RT-PCR). We found that there was no significant change in hiw transcript levels in Rae1 mutant brains compared to wild-type brains (∆Ct ratio of specific transcript to 18S rRNA internal control transcript: Rae1 EX28 17.36 ± 0.58, versus wild type 17.48 ± 0.19; P > 0.5; see Online Methods). These data therefore exclude the possibility that Rae1 regulates hiw transcription or mRNA stability. In addition, Rae1 mutants were unable to sustain a comparable level of the transgenic GFP-Hiw protein expressed via the UAS or Gal4 systems in larval CNS (Fig. 7b) . The UAS-GFP-hiw transgene contains the full-length Hiw coding sequence without introns and UTRs. Given that RNA-binding proteins often target 3′ UTRs to regulate mRNA stability, degradation, nuclear export, subcellular localization 25 . It is thus possible that Rae1-Hiw interaction may protect Hiw from being degraded by the autophagy pathway. If this were true, we would expect that reducing autophagic activity in Rae1 mutant should suppress both the reduction of Hiw protein level and the associated synaptic terminal overgrowth. We tested this possibility by crippling autophagic activity via removal of one copy of three different essential autophagy genes 35 , atg1, atg2 or atg18, respectively, in the Rae1 mutant background. We found mutations of these essential autophagy genes can each dominantly suppress the Rae1 mutant morphological phenotype (Fig. 8a,b) , while heterozygous mutants of atg1, atg2 or atg18 alone have no synaptic overgrowth phenotype (Fig. 8b) . Furthermore, this suppressions correlates with Hiw protein levels; there was a significant increase in the expression of Hiw protein in Rae1 mutant brains when one copy of atg1, atg2 or atg18 was removed (P < 0.05; Fig. 8c,d ). These data indicate that Hiw is rapidly degraded via autophagy in the absence of Rae1. Neuronal expression of Atg1 induces high levels of autophagy and causes synaptic terminal overgrowth by downregulating Hiw 25 .
If the interaction between Rae1 and Hiw protects autophagymediated degradation of Hiw, coexpression of Rae1 with Atg1 should suppress Atg1-induced overgrowth. We coexpressed NTAP-Rae1 with Atg1 and found that the Atg1-induced NMJ overgrowth was fully suppressed (Fig. 8e,f) , This suppression is not a result of a simple dilution of Gal4, as coexpression of GAP-GFP had no effect on Atg1-induced NMJ overgrowth. Together, these findings indicate that an important function of Rae1 in the Hiw E3 ligase complex is to prevent autophagy-mediated degradation of Hiw.
DISCUSSION
Molecular pathways mediated by Hiw and its orthologs are important for neural development and regeneration. By identifying and characterizing the Hiw-interacting protein Rae1, we identified a previously unknown function of Rae1 in the post-mitotic neuron: regulating synaptic development by binding to Hiw and protecting Hiw from autophagic degradation.
Rae1 associates and functions with Hiw in neurons
We provide three pieces of evidence that Rae1 is a bona fide Hiwbinding protein. First, Rae1 and Hiw were co-purified from adult head homogenate in reciprocal TAPs using either Hiw or Rae1 as the tagged proteins, respectively. Second, endogenous Rae1 co-immunoprecipitated with Hiw in fly larval brains. Finally, coexpressing Rae1 suppressed the dominant-negative effects caused by overexpression of the truncated Hiw protein (Hiw-CT) that contains the Rae1-binding region.
In addition to Rae1, a number of other molecules have been identified that bind Hiw and its orthologs. These factors include [20] [21] [22] . Similarly, the PHRRae1 interaction may reveal a previously unknown and conserved mechanism that positively regulates the action of PHR proteins in post-mitotic neurons. Drosophila nucleoporin (Nup98) is a binding partner of Rae1 involved in many biological processes, such as facilitating mRNA export and the Rae1-APC interaction 27, 28 . Our Rae1 TAP experiment also pulled down Nup98 with high confidence (Fig. 1b and  Supplementary Table 2) , suggesting that Nup98 strongly associates with Rae1 in Drosophila neurons. However, Nup98 was not detected in the TAP-Hiw pulldown complex. This observation suggests that the interaction between Hiw and Rae1 may not require Nup98 and that Rae1 and Nup98 may carry out functions in neurons that are independent of Hiw.
We investigated the biological relevance of the Hiw-Rae1 interaction in post-mitotic neurons. Rae1 has multiple important functions in mitotic cells, but its role in post-mitotic neurons is unknown. Our loss of function analysis of Rae1 at the Drosophila larval NMJ revealed that Rae1 functions in post-mitotic motor neurons to restrain synaptic growth. Rae1 is unlikely to be a ubiquitin target of the Hiw E3 ubiqutin ligase complex, as Rae1 functions in the same direction as hiw, and Rae1 protein expression was unchanged in hiw null mutants compared with wild-type animals. Instead, our data suggest that Rae1 works as a positive regulator to facilitate the function of the Hiw E3 ligase complex. This notion is supported by the similar loss of function phenotype in Rae1 and hiw null mutants, the strong genetic interactions between Rae1 and hiw, and the ability of wnd, a known Hiw downstream target, to suppress Rae1 phenotypes. Thus, our biochemical data, together with our genetic analysis, suggest that Rae1 acts in the post-mitotic neurons to restrain the growth of synaptic terminals through its interaction with the Hiw E3 ubiquitin ligase complex.
The role of Rae1 in stabilizing Hiw protein The Rae1-Hiw protein interaction could promote the function of Hiw ubiquitin ligase by regulating Hiw's localization, enzymatic activity or substrate specificity, or protein stability. Our results favor the last possibility, that Rae1 regulates Hiw protein abundance and stability. We found that Hiw protein levels were markedly reduced in the Rae1 EX28 mutant brains and substantially increased in the brains of flies expressing Rae1, and that both the reduction and increase were selective for Hiw, as the levels of many other neuronal proteins were unaltered. Thus, an important function of Rae1 in the post-mitotic neuron is to dynamically regulate Hiw protein expression. To further understand the molecular basis of how Rae1 promotes Hiw protein abundance, we have excluded the possibilities that reduction of Hiw protein in the Rae1 mutants could be due to defects in mRNA export in general, or reduced hiw transcription or mRNA stability. It is also unlikely that Rae1 controls the translation of hiw, as the promoter and 3′ UTR region of hiw were unnecessary for Rae1's regulation of Hiw abundance. These data, together with the finding that Rae1 physically associates with Hiw, strongly suggest that Rae1 promotes Hiw protein stability via its association with Hiw and prevents Hiw's degradation.
Protein clearance and quality control in eukaryotic cells are executed by two major pathways, ubiquitin-proteosome-mediated degradation and autophagy. The former is generally anticipated to be a more specific targeting mechanism than the latter. However, recent studies have suggested that selective autophagy can be achieved through a number of autophagic adaptor proteins, although the molecular mechanisms remain to be elucidated 39 . Autophagy was recently implicated in the regulation of Hiw protein levels in Drosophila 25 , but it is unclear whether this regulation is selective and how the selectivity is achieved. We found, both genetically and biochemically, that the association of Rae1 and Hiw prevents Hiw from being degraded by autophagy. Our results suggest a mechanism for regulating selective autophagy: specific factor(s) can bind to the target protein and prevent it from being selected for autophagy-mediated degradation.
Although our data do not exclude a functional requirement of Rae1 for Hiw activity and localization, they clearly indicate that Rae1 is essential for controlling Hiw protein levels during development. Rae1, a microtubule-binding protein with multiple cellular functions, is of great interest as a regulator of synaptic development. Our data suggest that decreasing and increasing Rae1 from its basal protein levels drives corresponding changes in Hiw protein levels. It is intriguing to speculate that Rae1 functions as a molecular switch in response to either environmental cues or microtubule networks to rapidly and precisely regulate Hiw protein levels during neural development and regeneration.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
